Introduction
Chronic obstructive pulmonary disease (COPD) is a composite term that is used for patients with emphysema and chronic bronchitis (1) (2) (3) . It is the fourth leading cause of death in the world and in Western societies is impressively associated with chronic cigarette smoke (CS) exposure (2, 3) . The tissues from patients with COPD are characterized by chronic inflammation, mucus metaplasia, alveolar destruction, and structural cell apoptosis (4) (5) (6) (7) (8) . Recent studies have also highlighted the interesting observation that the airways in COPD tissues are often remodeled and fibrotic while the nearby alveoli manifest tissue rarification and septal rupture (1) . The inflammation in COPD tissues is felt to be causally related to the emphysema and other pathologic alterations in the lungs from these patients (1, 2, 9, 10) and worsens with disease progression (1, 9, 10) . The mechanisms that mediate these inflammatory and remodeling responses, however, are not adequately understood.
A significant amount of the morbidity and mortality in COPD is due to acute exacerbations characterized by cough, shortness of breath, sputum production, and decreases in expiratory airflow (9) (10) (11) (12) (13) . The frequency of these exacerbations correlates with the rate of disease progression and loss of lung function as well as the overall health status of the patient (10, 11, 14, 15) . Thus, exacerbations are now considered to be legitimate targets for disease therapy (10) . However, the mechanisms that mediate these exacerbations and their effects on tissue inflammation and remodeling have not been adequately defined.
Recent studies have demonstrated that a variety of viruses including rhinovirus, influenza virus, and respiratory syncytial virus (RSV) are important causes of COPD exacerbations (10, 12, 13, (16) (17) (18) . Compared with exacerbations due to other causes, virus-induced COPD exacerbations are more severe, last longer, and are associated with heightened airway and systemic inflammatory responses (15, (19) (20) (21) . These differences cannot be attributed solely to the structural alteration in the lungs of patients with COPD because healthy smokers also experience exaggerated symptomatic responses after viral infection (22) (23) (24) (25) . In keeping with this conceptualization, viral exacerbations in patients with COPD are felt to be due to inflammatory responses that overwhelm protective antiinflammatory defenses (10, 26) . Surprisingly, the mechanisms that underlie the exaggerated virus-induced responses in CS-exposed individuals with COPD have not been defined. The mechanisms that underlie the exaggerated responses that are seen in otherwise normal smokers infected with influenza have also not been elucidated.
CS is a complex mixture of over 4,500 chemicals including free radicals and oxidants (27, 28) . A variety of lines of evidence suggests that innate immunity plays an important role in the respons-es to and clearance of these agents. This includes the well-known ability of CS to increase the number of innate immune effectors such as neutrophils and macrophages in the lung and the demonstration that CS regulates macrophage function and the expression of genes involved in innate immune responses (29) (30) (31) (32) . Recent studies have also demonstrated that an adaptive immune response is not a prerequisite for the generation of CS-induced emphysema (29) . These observations led to the hypothesis that the innate immune response plays a particularly important role in the pathogenesis of the inflammatory and remodeling responses in CS-exposed individuals (33) . However, the innate immune pathways that are involved in these responses and the pathogen-associated molecular patterns (PAMPs) that trigger these responses have not been defined. The importance of innate immunity in the pathogenesis of COPD exacerbations and virus-induced inflammation and remodeling have also not been addressed. We hypothesized that CS selectively alters innate immune responses in the lung and that these alterations contribute to the pathogenesis of COPD and other CS- and virus-associated disorders. To test this hypothesis, we evaluated the function of COPDrelevant innate immune pathways in mice that have been exposed to CS or room air (RA). Because viral and virus-like responses can be triggered by pathways involving TLRs and or RNA helicases and mediated via the activation of double-stranded RNA-dependent (dsRNA-dependent) protein kinase (PKR), each of these was evaluated in these studies. These studies demonstrate that CS
Figure 1
Inflammatory effects of poly(I:C) in mice exposed to RA or CS. C57BL/6J mice were exposed to CS or RA (NS, nonsmoking) for 2 weeks and then randomized to receive 4 doses of poly(I:C) [pIC+] or vehicle control [pIC-]. The effects of 4 doses of varying concentrations of poly(I:C) on BAL total cell recovery (A), 4 doses of poly(I:C) (50 μg) on parenchymal (B) and airway (C) inflammation, and BAL differential cell recovery (D) are illustrated. (E) Effects of 4 doses of poly(I:C) on BALB/c mice breathing RA (CS-) and mice exposed to CS (CS+) are illustrated. (F) Dose dependence of these inflammatory events in C57BL/6J mice. The values in parts A, D, E, and F represent the mean ± SEM of evaluations in a minimum of 5 mice. Parts B and C are representative of a minimum of 4 similar experiments. *P < 0.05; **P < 0.01; ***P < 0.001. Original magnification, ×20.
selectively augments the inflammatory and remodeling responses produced by viral PAMPs and influenza virus. They also highlight the specificity of and define the mechanisms that mediate these important responses.
Results

Inflammatory effects of poly(I:C) in CS-exposed mice.
To begin to characterize the effects of CS on innate immune responses in the lung, we compared the responses induced by ligands that activate known
Figure 2
Effects of poly(I:C) and other innate immunity agonists on mice exposed to RA or CS. Mice were exposed to CS or RA for 2 weeks and then randomized to receive 4 doses of poly(I:C) (50 μg), LPS (1-10 μg), GDQ (5-50 μg), or vehicle controls. The alterations in alveolar structure, alveolar chord length, and lung volume caused by poly(I:C) are noted in parts A, B, and C. The effects of these interventions on matrix accumulation were assessed with trichrome evaluations (D). The effects of LPS and GDQ on BAL inflammation are seen in E and F. The effects of LPS and GDQ on alveolar remodeling are illustrated in parts G and H, respectively. The values in B, C, and E-H represent the mean ± SEM of evaluations in a minimum of 5 mice. Parts A and C are representative of a minimum of 4 similar experiments. *P < 0.05; **P < 0.01. Original magnification, ×4 (A); ×20 (D).
innate immune pathways in C57BL/6J mice breathing RA and mice exposed to CS for varying intervals. dsRNA (polyinosine-polycytidylic acid [poly(I:C)]) was initially chosen in an attempt to define responses that could be elicited by viral infections. CS exposure caused modest increases in bronchoalveolar lavage (BAL) total cell and neutrophil recovery ( Figure 1A and data not shown). It also caused scattered foci of neutrophilic inflammation in lungs from some but not all mice ( Figure 1 , B and C, and data not shown). In contrast, poly(I:C) caused significant increases in total cell, macrophage, lymphocyte, and neutrophil recovery and a neutrophil- and macrophage-rich tissue inflammatory response (Figure 1, A-D) . Importantly, CS and poly(I:C) interacted in a synergistic manner to enhance this BAL, airway, and alveolar inflammation (Figure 1 , A-D). Similar responses were seen in BALB/c mice ( Figure 1E ). This interaction was dose dependent with the most striking effects being seen when 50 μg of poly(I:C) (the highest dose tested) was given to CS-exposed mice for 2 weeks (4 doses) ( Figure 1 , A and F). Significant interactions were also seen with doses of poly(I:C) as low as 15 μg and after 2 aspirations of high-dose (50 μg) poly(I:C) ( Figure 1 , A and F). Importantly, this interaction was also time dependent, with exposures as short as 2 weeks and as long as 3 months causing comparable increases in poly(I:C)-induced inflammation and lesser effects being seen with shorter intervals of CS exposure (data not shown). In all cases, this effect was at least partially poly(I:C)-specific because similar synergy was not seen when LPS (0.01-10 μg), CpG (0.5-5 μg), gardiquimod (GDQ) (5-50 μg), or imiquimod (IMQ) (10-100 μg) were administered in a similar fashion (data not shown). It also required CS and poly(I:C) because LPS did not interact in a similar manner with poly(I:C) and the repeated administration of poly(I:C) alone for up to 3 months did not induce comparable tissue effects (data not shown). These studies demonstrate that CS selectively enhances the alveolar and airway inflammatory effects of poly(I:C) in the murine lung.
Remodeling responses induced by poly(I:C) in CS-exposed mice. To gain insight into the functional consequences of the interaction noted above, we compared the lung tissues in C57BL/6J mice breathing RA and mice that had been exposed to CS for 2 weeks prior to poly(I:C) administration. At this time point, CS alone did not cause a significant increase in alveolar size and 4 doses of poly(I:C) in RA-exposed mice caused an increase that did not achieve statistical significance (Figure 2, A and B) . In contrast, impressive alveolar remodeling with emphysematous alterations on light microscopic examination and significant increases in morphometrically determined alveolar chord length were noted in CS-exposed mice that
Figure 3
Effects of poly(I:C) on cytokines and IFNs. Mice were exposed to CS or RA for 2 weeks and then randomized to receive poly(I:C) (50 μg) or vehicle control. The levels of BAL IL-18, IFN-α/β, IL-12/IL-23 p40, and IFN-γ in vehicle-treated mice breathing RA or CS were near or below the limits of detection of these assays. The effects of poly(I:C) in mice exposed to CS (filled circles) or RA (open circles) are illustrated (A-D). The localization of IL-18 was accomplished using IHC (E). In the lungs from mice exposed to CS plus poly(I:C), selected IL-18-containing macrophages are highlighted with arrows, and a high-power image can be seen in the insert. The values in parts A-D represent the mean ± SEM of evaluations in a minimum of 5 mice. Part E is representative of 3 similar experiments. *P < 0.05; ***P < 0.001. Original magnification, ×20 (E); ×100 (insert). received 4 doses of poly(I:C) ( Figure 2, A and B) . The lungs from mice exposed to CS plus poly(I:C) also manifested increased lung volumes after pressure fixation ( Figure 2C ). Similar responses were also seen in BALB/c mice (data not shown). In addition, these alveolar alterations were associated with a fibrotic airway remodeling response that was detectable on trichrome histologic evaluation ( Figure 2D ). In all cases, these interactions were dose and time dependent and could be observed with doses of poly(I:C) as low as 15 μg and after as few as 2 doses of high-concentration poly(I:C) (data not shown). They were also at least partially poly(I:C)-specific because LPS, CpG, GDQ, and IMQ did not have similar effects (Figure 2 , E-H, and data not shown). Finally, they also required CS plus poly(I:C) because LPS did not interact in a similar fashion with poly(I:C) and repeat dosing with poly(I:C) alone for up to 3 months did not induce similar remodeling responses (data not shown). Thus, in addition to its ability to enhance inflammation, CS selectively enhances the ability of poly(I:C) to induce pulmonary emphysema and airway remodeling.
Regulation of IL-18, IL-12, and type I and type II interferons. In keeping with their roles in viral responses and COPD, we next evaluated the production of IL-18, IL-12/IL-23 p40, and type I and type II IFNs in this modeling system. In these experiments, the vehicle controls did not stimulate the production of any of these cytokines (data not shown). In contrast, poly(I:C) was a potent stimulator of BAL IL-18, IL-12/IL-23 p40, and type I and type II IFNs ( Figure 3 , A-D). Importantly, these inductive responses were significantly greater in mice exposed to CS compared with mice in RA ( Figure 3 were not seen when CS-exposed animals were treated with LPS, CpG, GDQ, or IMQ (data not shown). Thus, the ability of CS to selectively enhance poly(I:C)-induced inflammation and alveolar remodeling is associated with the enhanced production of IL-18, IL-12/IL-23 p40, IFN-γ, and type I IFNs.
To further define these cytokine responses, immunohistochemistry (IHC) was used to localize the IL-18 in our modeling system. In accord with previous reports from our laboratory (34), IL-18 was detected in airway epithelial cells and alveolar type 2 cells in lungs from WT mice ( Figure 3E and data not shown). Low levels of IL-18 were also appreciated in alveolar macrophages from these animals ( Figure 3E ). In mice exposed to CS plus poly(I:C), increased levels of IL-18 were observed. This was most prominent in the alveolar macrophages, with lesser increases being noted in the alveolar and airway epithelial populations ( Figure 3E and data not shown). This demonstrates that alveolar macrophages are the major site of IL-18 augmentation in CS plus poly(I:C)-treated mice.
Roles of IL-18Rα and IFN-γ. The roles of IL-18 and IFN-γ were subsequently evaluated by comparing the inflammatory, emphysematous, and cytokine responses induced by CS plus poly(I:C) in mice with WT and null IL-18 receptor α (IL-18Rα) or IFN-γ loci. In these experiments CS plus poly(I:C) induction of BAL inflammation, macrophage and lymphocyte accumulation, tissue inflammation, and alveolar remodeling were significantly diminished in mice with null mutations of IL-18Rα or IFN-γ ( Figure 4 , A-C, and data not shown). Thus, IL-18Rα and IFN-γ play critical roles in the pathogenesis of the inflammation and remodeling that is induced by CS plus poly(I:C).
Figure 4
Roles of IL-18Rα and IFN-γ in the interaction of CS and poly(I:C). WT (+/+) mice and mice with null mutations (-/-) of IL-18Rα or IFN-γ were exposed to CS or RA (CS-) for 2 weeks and then given 4 doses of poly(I:C) (50 μg) or vehicle control. BAL total cell recovery (A), BAL differential cell recovery (B), and emphysema (C) were evaluated.
The noted values represent the mean ± SEM of evaluations in a minimum of 5 mice. *P < 0.05; **P < 0.01.
Cytokine-cytokine interactions. Studies were also undertaken to define the relationships between the cytokines that were induced in this modeling system. Interestingly, in the absence of IL-18Rα, the ability of CS plus poly(I:C) to stimulate the production of IL-18, IL-12/IL-23 p40, and IFN-γ were significantly diminished ( Roles of TLR3. To define the innate immunity pathway or pathways that are involved in the interaction of CS and poly(I:C), we evaluated the consequences of an acute challenge with poly(I:C) (1 dose) or repeated challenges with poly(I:C) (4 doses) in mice exposed to RA and CS with WT and null TLR3 loci. In mice given 1 dose of poly(I:C) and evaluated 4 days later, a modest decrease in BAL and tissue inflammation was noted in comparisons of TLR3-deficient and WT animals ( Figure 6A ). In contrast, TLR3-null and WT animals exposed to CS and 4 doses of poly(I:C) had a similar ability to stimulate IFN-γ, induce BAL and tissue inflammation, and induce alveolar remodeling (see Figure 6 , B-D, and data not shown). Thus, TLR3 plays a small role in the pathogenesis of the acute responses induced by poly(I:C) in CS-exposed mice while repeated doses of poly(I:C) induce inflammation and alveolar remodeling via a pathway or pathways that are largely TLR3 independent.
Role of mitochondrial antiviral signaling protein in responses induced by CS plus poly(I:C).
To further define the innate pathways that mediate the interactions of CS plus poly(I:C), we compared the inflammation, cytokine responses, and alveolar remodeling in WT mice with that of mice with null mutations of the mitochondrial antiviral signaling protein MAVS. MAVS was chosen because it links RNA helicases like retinoic acid-inducible gene-1 (RIG-1) and melanoma differentiation-associated protein-5
Figure 5
Roles of IL-18Rα and IFN-γ in CS plus poly(I:C)-induced cytokine stimulation. WT (+/+) mice and mice with null mutations (-/-) of IL-18Rα or IFN-γ were exposed to CS or RA (CS-) for 2 weeks and then given 1 (A and B) or 4 doses (C) of poly(I:C) (50 μg) or vehicle control. BAL IL-18 (A), IL-12/IL-23 p40 (B), and IFN-γ (C) levels were quantitated. The noted values represent the mean ± SEM of evaluations in a minimum of 5 mice. *P < 0.05; **P < 0.01; ***P < 0.001. ND, none detected.
Figure 6
Roles of TLR3 in the interaction of CS and poly(I:C). WT (+/+) mice and mice with null mutations (-/-) of TLR3 were exposed to CS or RA (CS-) for 2 weeks and then given 1 or 4 doses of poly(I:C) (50 μg) or vehicle control. BAL total cell recovery after a single dose of poly(I:C) is illustrated in A. The levels of BAL IFN-γ (B), BAL total cell recovery (C), and alveolar remodeling (D) after 4 doses of poly(I:C) were also evaluated. The noted values represent the mean ± SEM of evaluations in a minimum of 5 mice. *P < 0.05.
(Mda5) to antiviral effector responses (35, 36) . These studies demonstrated that MAVS plays a critical role in these responses because the inflammatory, cytokine-inductive, and remodeling responses induced by poly(I:C) in CS-exposed mice were abrogated in MAVS-deficient animals ( Figure 7 , A-C). This demonstrates that a MAVS-related pathway plays a major role in the interaction of CS and poly(I:C).
Regulation and roles of PKR. Studies were next undertaken to evaluate the activation of PKR in our experimental system. As shown in Figure 8A , phosphorylated PKR was not observed or was present in only modest quantities in lungs from mice in RA, mice exposed to CS only, and mice treated with just poly(I:C). In contrast, the activation of PKR was greatly enhanced in mice exposed to CS prior to poly(I:C) administration ( Figure 8A ). These inductive events were dose and time dependent, being seen after as little as 2 inhalations of high-dose poly(I:C) and with doses of poly(I:C) as low as 15 μg/ml (data not shown). They were also mediated by pathways that are at least partially IL-18Rα- and IFN-γ-dependent because PKR phosphorylation was significantly diminished in IL-18Rα-null and IFN-γ-null animals ( Figure 8B ). These activation events were also downstream of MAVS because the ability of poly(I:C) to activate PKR in CS-exposed mice was significantly decreased in MAVS-null mice ( Figure 8C ).
The functional consequences of PKR activation were next evaluated by comparing the effects of CS plus poly(I:C) in mice with WT and null PKR loci. These studies demonstrated that the inflammatory and alveolar remodeling effects of poly(I:C) in CS-exposed mice were significantly diminished in animals with null mutations of PKR (Figure 8, D-F) . In contrast, null mutations of PKR did not alter the production of IL-18 or IFN-γ in mice treated with CS plus poly(I:C) (see Supplemental Figures 1 and 2 ; supplemental material available online with this article; doi:10.1172/JCI32709DS1). When viewed in combination, these studies demonstrate that PKR is activated via a MAVS-, IL-18Rα-, and IFN-γ-dependent mechanism or mechanisms in CS-exposed mice treated with poly(I:C) and that this activation plays an essential role in the pathogenesis of the enhanced inflammatory and emphysematous responses in these animals. They also demonstrate that PKR does not play a role in the enhanced induction of IL-18 or IFN-γ, suggesting that PKR activation is distal to IFN-γ in this effector cascade.
Apoptosis in poly(I:C)-treated CS-exposed animals.
In keeping with the importance of structural cell apoptosis in CS-induced emphysema (7, 8, (37) (38) (39) , studies were undertaken to evaluate the DNA injury and cell death responses in our experimental system. These studies demonstrated that CS alone and poly(I:C) administration to mice breathing RA each caused small but significant increases in the number of cells that were TUNEL stain positive ( Figure 9A ). In contrast, a significant increase in the number of TUNEL-positive cells was seen in the parenchyma and airways of CS-exposed mice that were treated with poly(I:C) ( Figure 9A and data not shown) . Double-label IHC demonstrated significant increases in the percentages of pro-SP-C + alveolar epithelial cells, CD31 + endothelial cells, and Clara cell 10 secretory protein + (CCSP + ) airway epithelial cells in lungs from mice incubated with CS plus poly(I:C) ( Figure  9B and Supplemental Figure 3 ). In contrast, less than 20% of the TUNEL cells were CD3 + or F4/80 + (data not shown). Caspase-3 activation, cleavage of the caspase target poly(ADP-ribose) polymerase (PARP), and phosphorylation of eukaryotic initiation factor-2α (eIF2α), a major PKR target that plays an important role in a variety of apoptotic responses (40-43), were not noted or were weakly detectable in lungs from mice breathing RA, CS-exposed mice, and mice that received only poly(I:C) ( Figure 9C ). In accord with our TUNEL findings, each of these responses was detected in significantly enhanced quantities in mice exposed to CS plus poly(I:C) ( Figure 9C ). This DNA injury and cell death response was mediated via a MAVS-, IL-18Rα-, IFN-γ-, and PKR-dependent mechanism or mechanisms, since the levels of TUNEL staining, eIF2α phosphorylation, and caspase-3 activation were significantly diminished in poly(I:C) plus CS-treated mice with null mutations of MAVS, IL-18Rα, IFN-γ, or PKR, respectively (Figure 9 , D-G, and data not shown). These studies demonstrate that CS enhances the ability of poly(I:C) to induce epithelial and endothelial cell DNA injury, cell death, and caspase and eIF2α activation. They also highlight important roles that MAVS, IL-18Rα, IFN-γ, and PKR play in these apoptotic responses.
Effects of influenza in CS-exposed mice. The studies noted above used poly(I:C) as a surrogate for dsRNA viruses and single-stranded RNA viruses that go through a double-stranded stage during viral replication. To begin to evaluate the validity of this assumption, we compared the effects of influenza virus in mice exposed to RA or CS for
Figure 7
Roles of MAVS in the interaction of CS and poly(I:C). WT (+/+) mice and mice with null mutations (-/-) of MAVS were exposed to CS or RA (CS-) for 2 weeks and then given 4 doses of poly(I:C) (50 μg) or vehicle control. BAL total cell recovery (A), IFN-γ production (B), and alveolar remodeling (C) were evaluated. The noted values represent the mean ± SEM of evaluations in a minimum of 5 mice. *P < 0.05; **P < 0.01.
2 weeks prior to infection. In mice breathing RA, influenza infection caused alveolar, airway, and BAL inflammatory responses characterized by increases in total cell, neutrophil, lymphocyte, and macrophage accumulation that peaked 9 days after inoculation ( Figure  10 , A-C). This response was associated with modest increases in the production of IL-18 ( Figure 10D ), IL-12/IL-23 p40 ( Figure 10E ), and IFN-γ ( Figure 10F) ; modest levels of caspase 3 activation, PARP cleavage, and PKR and eIF2α activation ( Figure 10G) ; and low levels of TUNEL staining ( Figure 10H ). Emphysematous alveolar remodeling was not noted ( Figure 10I ). In accordance with our findings with poly(I:C), each of these responses was exaggerated in CS-exposed mice infected with influenza ( Figure 10, A-H) . Influenza infection also induced emphysematous alveolar remodeling and increased the levels of apoptosis in SP-C + and CD31 + cells in CS-exposed animals ( Figure  10I and data not shown). These studies demonstrate that CS enhances the inflammatory, remodeling, and apoptotic effects of influenza in the lung and highlight the induction of IL-18, IL-12/IL-23 p40, and IFN-γ and activation of PKR and eIF2α in this setting.
Pathways in CS-influenza interaction. To define the mechanisms that underlie these responses, we compared the effects of influenza in CS-exposed mice with null mutations of IL-18Rα, TLR3, and PKR. In accordance with our findings with poly(I:C), IL-18R signaling played an important role in the inflammation, alveolar remodeling, and apoptosis induced by influenza in CS-exposed mice ( Figure 11, A-D) . TLR3 also played a role in the inflammation and remodeling in CS-exposed, influenza-infected mice (Figure 11, A-D) . Interestingly, the contributions of PKR were more complex with CS plus influenza-induced inflammation being mediated by PKR-independent and alveolar remodeling and apoptosis being mediated by PKR-dependent pathways (Figure 11, A-E) . Importantly, these augmented virus-induced responses could not be attributed to differences in viral clearance because similar viral loads were seen in lungs from mice breathing RA and CS at all time points (data not shown). These studies demonstrate that IL-18Rα, TLR3, and PKR play important roles in the inflammatory and remodeling responses induced by CS plus influenza.
Discussion
To determine whether CS alters innate immune responses in the lung, we compared the inflammatory and remodeling responses induced by innate immunity agonist PAMPs in mice breathing RA and mice exposed to CS. These studies demonstrate that CS has a remarkable and selective effect on these responses. Specifically, they demonstrate in 2 different murine strains that CS selectively enhances the airway and parenchymal inflammatory, remodeling, and apoptotic responses induced by the viral PAMP dsRNA. The studies also demonstrate that this interaction is associated with the early induction of type I IFNs and IL-18, later induction of IL-12/IL-23 p40 and IFN-γ, and the activation of PKR and eIF2α. They also highlight the TLR 3-dependent and -independent, MAVS-dependent, and IL-18Rα-, IFN-γ- and PKR-dependent mechanisms that contribute to these events. The viral relevance of these findings was also defined by demonstrating that CS interacts in a similar fashion with influenza to increase inflammation, apoptosis and emphysema, and IL-18 and IFN-γ production and to activate PKR. Finally, these studies also defined the important roles that TLR3, IL-18Rα, and PKR play in these virus-CS-induced responses. We believe these are the first studies to define the CS-induced alterations in virus-related innate immune responses in the lung, the first to demonstrate that exaggerated inflammatory and remodeling responses are seen when CS and viral PAMPs or live viruses are combined, and the first to define the pathways that mediate these responses. These studies provide insight into the mechanisms that can contribute to virus-induced COPD exacerbations and the impressive symp-
Figure 9
Effects of CS and poly(I:C) on cellular apoptosis. Mice were exposed to CS or RA (CS-) for 2 weeks and then given 4 doses of poly(I:C) (50 μg) or vehicle control. The effects of these interventions on the percentage of alveolar structural cells that were TUNEL stained (+) can be seen in A. Double-label IHC was used to define the percentage of pro-SP-C-positive alveolar type II cells, CD31-positive endothelial cells, and CCSP-positive airway epithelial cells that were TUNEL stained, respectively (B). The effects of CS and poly(I:C) on caspase-3 activation, PARP accumulation and activation, and eIF2α accumulation and activation were also assessed (C). The role of MAVS was assessed by comparing the levels of TUNEL staining, phosphorylation of eIF2α, and caspase-3 activation in WT mice (+/+) and mice with null (-/-) mutations of MAVS (D and E). The roles of IL-18Rα, IFN-γ, and PKR were assessed by comparing these responses in WT mice (+/+) and mice with null (-/-) mutations of IL-18Rα, IFN-γ, or PKR (F and G). The data in each row in parts C, E, and G were generated from blots of individual gels that were run at the same time. Parts C, E, and G are representative of a minimum of 3 similar evaluations. The values in parts A, B, D, and F represent the mean ± SEM of evaluations in a minimum of 5 mice. *P < 0.05; **P < 0.01; ***P < 0.001. tomatology and loss of lung function that are noted in this setting (10, 11, 15, (19) (20) (21) . They also provide insight into the mechanisms that can contribute to the exaggerated severity of viral infections in otherwise healthy smokers (22) (23) (24) (25) and highlight targets against which therapies can be directed to control virus-induced responses in smokers with and without COPD.
In studies that have focused largely on bacterial stimuli, CS and its components, such as nicotine, have been shown to have immunosuppressive properties including the ability to inhibit macrophage function (reviewed in ref. 28) . Surprisingly, these lesions have been extrapolated to viruses despite preliminary studies that suggest that viral responses may be different (44) . Our studies demonstrate that the concept that CS is strictly immunosuppressive is not correct. Specifically, we demonstrate that in the case of viral PAMPs and live virus, CS enhances immune responses and the tissue consequences of these responses. They also highlight the impressive specificity of this interaction by demonstrating that a variety of other innate immunity agonists do not interact with CS in a similar manner, cannot replace CS in this experimental system, and do not induce tissue remodeling if repeatedly administered. These studies provide an intriguing explanation for the increased incidence of symptoms in virus-infected smokers versus nonsmokers (22, 23) , the enhanced severity of influenza in smokers versus nonsmokers (22, 24, 25) , and the finding that virus-induced COPD exacerbations are more severe, last longer, and are associated with greater inflammatory responses and loss of lung function than exacerbations due to other causes (15, (19) (20) (21) . Because these responses were seen in mice that were tran-
Figure 10
Interactions of influenza virus and CS. Mice were exposed to CS or RA (CS-) for 2 weeks and then infected with influenza virus (virus+) or vehicle control (virus-). The effects of this intervention on total BAL cell recovery (A), differential cell recovery (9 days after infection) (B), tissue inflammation (C), and levels of BAL IL-18 (D), BAL IL-12/IL-23 p40 (E), and BAL IFN-γ (F) are compared in mice exposed to RA (open circles) and CS (filled circles). The effects of this intervention on caspase-3 activation, PARP cleavage, and PKR and eIF2α phosphorylation (G), cellular apoptosis (H), and alveolar remodeling (15 days after infection) (I) were also assessed. The values in parts A, B, D-F, H, and I represent the mean ± SEM of evaluations in a minimum of 5 mice. That data in each row in part G were generated from blots of individual gels that were run at the same time. Parts C and G are representative of 3 similar evaluations. *P < 0.05; **P < 0.01; ***P < 0.001. Original magnification, ×20.
siently exposed to CS, these findings also have important implications in regard to the potential health consequences of secondhand smoke and the mechanisms that may mediate the effects of smoke in this setting.
Historically, bacteria have been considered to be the main infectious cause of COPD exacerbations (13) . However, modern PCR-based diagnostic approaches have demonstrated that viruses are major contributors in 39% of outpatient exacerbations and a higher percentage of patients with severe exacerbations (13, 20, 21 ). Our demonstration that CS selectively augments viral PAMP-induced and live virus-induced inflammation and remodeling has a number of implications in regard to the pathogenesis and treatment of COPD. First, recent studies have demonstrated that RSV can be detected in the lower airway of patients with stable COPD and that these patients have higher levels of inflammation and an accelerated loss of lung function compared with RSV-negative individuals (20, 45) . Since studies from our laboratory have demonstrated that CS synergizes with RSV in a manner that is analogous to influenza (C.S. Dela Cruz, M.-J. Kang, and J.A. Elias, unpublished observations), it is tempting to speculate that this CS-RSV interaction is responsible for the exaggerated responses in these patients. Our findings also
Figure 11
Roles of TLR3, IL-18Rα, and PKR in the inflammatory and remodeling effects of influenza virus and CS. Mice were exposed to CS or RA (CS-) for 2 weeks and then infected with influenza virus (virus+) or vehicle control (virus-). (A) Effects of this intervention on total BAL cell recovery 9 days after viral inoculation. Lung volume (B), mean chord length (C), TUNEL staining (D), and alveolar histology (E) were assessed 15 days after viral inoculation. Parts A-D represent the mean ± SEM of evaluations in a minimum of 5 mice. Part E is representative of 4 similar evaluations. Original magnification, ×4. *P < 0.05; **P < 0.01.
provide a strong rationale for thorough viral diagnostic evaluations in patients with COPD exacerbations and suggest that interventions that alter the activation of the MAVS, TLR3, IL-18, IL-18Rα, IL-12/IL-23 p40, IFN-γ, PKR, and eIF2α pathways that mediate these responses may have therapeutic utility.
Host antiviral responses are initiated via the detection of viral PAMPs by host pattern recognition receptors (PRRs) (35, 36) . Upon recognition, PRR signaling results in the expression of type I IFNs that suppress viral replication and facilitate adaptive immune responses (35, 36) . dsRNA, which is produced during the replication of many viruses, is recognized by several innate pathways including TLR3 and the RNA helicases RIG-1 and Mda5 (35, 36) . In addition, many single-stranded RNA viruses, including influenza, have been shown to activate the RIG-1 pathway via the generation of 5′-triphosphorylated single-stranded RNA. TLR3 resides in endosomal membranes where it recognizes dsRNA and poly(I:C). RIG-1 and Mda5 detect dsRNA and poly(I:C) in the cytoplasm (35) where they are linked to downstream signaling molecules via MAVS (35, 36) . When we started these studies, we hypothesized that the heightened inflammatory and remodeling responses induced by poly(I:C) in mice exposed to CS would be mediated to a great extent by TLR3. Our studies demonstrated that this is not entirely correct because the acute and chronic inflammatory and remodeling responses induced by CS plus poly(I:C) were mediated by partially TLR3-dependent and TLR3-independent pathways, respectively. In light of the limited roles of TLR3 in these responses, the contributions of the spiral helicase pathway were evaluated. These studies demonstrated that the synergistic interactions of poly(I:C) and CS were significantly ameliorated in the absence of MAVS. They also demonstrated that PKR and eIF2α were activated by CS plus poly(I:C) via a MAVSdependent mechanism or mechanisms. These are the first studies, to our knowledge, to highlight the ability of CS to regulate the activation of this spiral helicase pathway. We believe they are also the first to demonstrate that this helicase pathway can regulate the activation of PKR and eIF2α. Additional investigation will be required to define the mechanisms of helicase-MAVS activation and MAVS-pathway regulation of PKR and eIF2α.
PKR is a serine threonine kinase (reviewed in ref. 41 ) that was initially discovered as an IFN-induced and -activated gene that mediated antiviral effects largely via its ability to activate eIF2α and inhibit protein translation. It is now known to be activated by viruses, dsRNA, cytokines, growth factors, oxidative stress, and ceramide. After activation, it plays an important role in cell signaling and regulates gene transcription, at least in part, via its ability to interact with known signaling pathways, including NF-κB, MAP kinases, p53, STATs, and IFN regulatory factor 1 (IRF1) (41) . As a result, it is now appreciated that it also plays an important role in the regulation of cell proliferation and differentiation, tumor suppression, and cellular apoptosis (40) (41) (42) . Our studies demonstrate that CS interacts with viral PAMPs and live virus to activate PKR and eIF2α and that this induction is mediated via a MAVS-, IL-18Rα-, and IFN-γ-dependent mechanism. Our studies also demonstrate that PKR plays an important role in the pathogenesis of the inflammatory, apoptotic, and emphysematous responses induced by viral PAMPs and live virus in CS-exposed mice. We believe these are the first studies to demonstrate that CS regulates the PKR pathway and the first studies to implicate PKR and eIF2α activation in the pathogenesis of the inflammation, apoptosis, or emphysema in COPD. When viewed in combination, our data suggest that PKR and eIF2α are activated by a MAVS/IL-18/IFN-γ cascade in mice exposed to CS and viral PAMPs or live virus and that PKR and eIF2α contribute to the pathogenesis of pulmonary emphysema at least in part via their ability to induce pulmonary structural cell apoptosis.
In summary, our studies demonstrate that CS selectively augments viral PAMP and live virus-induced airway and alveolar inflammation and remodeling in the murine lung and highlight TLR3-dependent and independent and MAVS/PKR/IL-18Rα/ IFN-γ-dependent pathway or pathways that contribute to the pathogenesis of these responses. These studies provide insights into mechanisms that can contribute to the pathogenesis of virus-induced COPD exacerbations and lung function deterioration, the enhanced severity of viral infections in smokers, and the toxic effects of second-hand smoke. They also identify new targets against which therapies can be developed to modulate the severity of virus-induced responses in these clinical settings.
Methods
Reagents. We purchased poly(I:C) from Amersham Biosciences and LPS,
CpG, GDQ, and IMQ from InvivoGen. For immunoblot analysis, antibodies against β-actin, caspase-3, PKR, PARP, eIF2α, and p-eIF2α were purchased from Cell Signaling Technology. p-PKR antibody was from Sigma-Aldrich. The antibodies against CCSP and CD31 were from Santa Cruz Biotechnology Inc., and the antibody against pro-SP-C was from Millipore. The IFN-α/β standard for the type I IFN bioassay was purchased from Access Biomedical Diagnostics.
Mice. C57BL/6J WT, IL-18Rα -/-, and IFN-γ -/-mice (46, 47) were obtained from The Jackson Laboratory. PKR -/-mice were gifts from Bryan R.G. Williams (Cleveland Clinic Foundation, Cleveland, Ohio) (48) . TLR3 -/-mice were gifts from Richard A. Flavell (Yale University) (49) . MAVS-null mice were generated by our laboratory as previously described (36) . All animal studies were approved by the Yale Institutional Animal Care and Use Committee.
Cigarette smoking exposure. Ten-week-old C57BL/6J mice were exposed to RA or the smoke from nonfiltered research cigarettes (2R4; University of Kentucky, Lexington, Kentucky, USA) using the smoking apparatus described by Shapiro et al. (50) . During the first week, mice received a half cigarette twice a day to allow for acclimation. During the remainder of the exposure, they received 3 cigarettes per day (1 cigarette/session, 3 sessions/d).
In selected experiments, BALB/c mice were utilized in a similar fashion.
In vivo administration of PAMPs. After 2 weeks of CS exposure, the mice were anesthetized and 50 μl aliquots of various PAMPs [poly(I:C), LPS, CpG, GDQ, and IMQ] or their vehicle controls were administered twice per week (every Monday and Thursday) for 2 weeks (days 15, 18, 22, and 25, respectively) via nasal aspiration. CS exposure was continued during this interval. At the desired time point, the mice were sacrificed and evaluated. For the experiments, mice were sacrificed 1 day after each administration.
In vivo administration of influenza virus. After 2 weeks of CS exposure, the mice were lightly anesthetized and 5.0 × 10 3.375 TCID50 (50% tissue culture infective doses) of A/PR8/34 influenza (equivalent to 0.05 LD50 in C57BL/6J mice) was administered via nasal aspiration in 50 μl of serumfree medium, using techniques previously described by our laboratories (51) . The mice were then sacrificed at postinfection days 3, 6, 9, 12, and 15. The lungs that were to be used for assessments of viral titer were snapfrozen in liquid nitrogen.
Determination of whole-lung influenza titers. Lungs were thawed and then homogenized prior to plating serial 10-fold dilutions in triplicate and then adding Madin-Darby canine kidney cells to all wells in DMEM-5. The following day, 0.0002% trypsin (Sigma-Aldrich) was added. Four days later, chicken red blood cells were added to each well (50 μl of a 0.5% suspension), and wells with evidence of hemagglutination after 4 hours were counted. TCID50 was calculated according to the method of Reed and Muench, a simple method of estimating 50% endpoints (52) .
BAL. Mice were sacrificed using intraperitoneal ketamine/xylazine injection, and the trachea was cannulated and perfused with two 0.9-ml aliquots of cold saline. The cellular contents and BAL fluid were separated by centrifugation, and the BAL fluid was stored in aliquots at -80°C.
Assessment of lung volume. Lungs were removed from control and test mice and inflated slowly at a constant pressure of 25 cm. Lung volume was then assessed by volume displacement using saline and a graduated cylinder as previously described by our laboratory (53, 54) .
Lung morphometry. The right main bronchus was ligated, and the left lung was inflated with 0.5% low temperature-melting agarose in STRECK fixative at a constant pressure of 25 cm. This allowed for homogenous expansion of lung parenchyma as described by Halbower et al. (55) . The lungs were then fixed, paraffin embedded, and H&E stained. Ten random fields were evaluated by microscopic projection onto the NIH Image program (ver. 1.63), and alveolar size was estimated from the mean chord length of the air space as described previously by our laboratory (34) .
Quantification of BAL fluid cytokines. The levels of BAL IL-18 (MBL International Corp.), IL-12/IL-23 p40, and IFN-γ (R&D Systems) were determined using commercial ELISA kits as per the manufacturer's instructions.
IFN-α/β bioassay. Samples were acid treated to a pH of 2 to inactivate any input virus as well as other cytokines. The samples were then neutralized with sodium bicarbonate, and 2-fold dilutions of each test sample were added to murine fibroblast monolayers in 96-well plates. After overnight incubation at 37°C, 1.25 × 10 5 PFUs of vesicular stomatitis virus (VSV) were added to each well. An IFN-α/β standard was used in parallel to generate a standard curve. Additional controls included untreated monolayers with and without VSV infection. After 2 days of incubation, wells were fixed with 2% formaldehyde and stained with crystal violet. Test sample IFN-α/β concentrations were determined by comparison of protection from VSVinduced cell killing with that seen with known amounts of IFN-α/β.
IL-18 IHC. The localization of IL-18 was accomplished by IHC as described by our laboratory (34) . In all cases, the specificity of the staining was evaluated by comparing the staining when the primary antibody was used and when it was excluded and by comparing the staining in WT and IL-18-null mice.
TUNEL analysis. End labeling of exposed 3′-OH ends of DNA fragments in paraffin-embedded tissue was undertaken with the TUNEL in situ cell death detection kit AP (Roche Diagnostics), using the instructions provided by the manufacturer. Staining specificity was assessed by comparing the signal that was seen when terminal transferase was included and excluded from the reaction. At least 10 random sections were obtained from each lung. After staining, a minimum of 300 cells were visually evaluated in each section. The labeled cells were expressed as a percentage of total nuclei. Double-label IHC. Double-label IHC was undertaken using a modification of procedures described previously by our laboratory (34) . TUNEL staining was undertaken as described above. IHC was then undertaken with antibodies against SP-C, CD31, or CCSP to identify type II alveolar epithelial cells, endothelial cells, and airway Clara cells, respectively. Anti-CCSP, anti-CD31, and anti-SP-C were used at 1:1000, 1:1000, and 1:500, respectively, and incubated overnight at 4°C. Images were photographed on an Olympus BH-2 fluorescent microscope.
Immunoblot analysis. Whole-lung lysates were prepared and the total protein content of each was measured using the DC protein assay reagents (Bio-Rad). Equal amounts of sample proteins were fractionated on 4%-15% SDS-PAGE gels under reducing conditions. These were individual gels that were prepared and run at the same time. The sample proteins were transferred to polyvinylidene difluoride membranes, then incubated in blocking buffer (5% w/v nonfat dry milk in TBS/0.05% Tween) for 1 hour at room temperature. They were then incubated with primary antibodies overnight at 4°C, washed 3 times in TBS/0.05% Tween, and incubated for 2 hours at room temperature with appropriate secondary antibodies. Immunoreactive signal was detected using a chemiluminescent procedure (ECL Western blotting detection system; Amersham) according to the manufacturer's instructions.
Statistics. Statistical evaluations were undertaken with SPSS software. As appropriate, groups were compared with 2-tailed Student's t test or with nonparametric Mann-Whitney U test. Values are expressed as mean ± SEM. Statistical significance was defined at a level of P < 0.05.
